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T he size-and shape-dependent electronic, optical, and magnetic properties of colloidal nanomaterials, such as metallic nanoparticles or polymeric nanoparticles, are commonly used in a wide range of biomedical applications. 1À3 For example, various Ag, Au, or Cu plasmonic nanoparticles have been utilized for imaging, therapy, drug delivery, proteomics, and biosensing and surface plasmon resonance (SPR) purposes. 4À6 Various types of magnetic nanoparticles have been employed for immunoseparation, proteomics, magnetic drug delivery, and magnetic resonance imaging (MRI). 7, 8 Recently, multifunctional hybrid nanoparticles have attracted great attention because of their enhanced properties compared to their individual components and the possibility of multipurpose uses. 9, 10 The high surface area provided by hybrid nanomaterials can simultaneously convey more than one functional group (e.g., nucleic acids or aptamers, small chemical molecules,
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antibodies, peptides) and/or carry multicancer drugs (water-soluble or insoluble) in cancer-specific delivery and/or combine several imaging agents (fluorescence dyes and radionuclides) for multimodal imaging. Particularly, multifunctional hybrid nanomaterials have been developed to overcome the limitations of conventional techniques used for diagnosis and therapy in biomedical applications. 11, 12 For example, Fe 3 O 4 /MnO hybrid nanoparticles can be used for MRI, and the iron or manganese domain can be functionalized with targeting ligands to specifically recognize target cells. The cancer drugs or imaging agents can simultaneously be attached on the second domain of the same particles. 13, 14 There are no significant interferences observed between functional groups on hybrid nanoparticles due to the presence of two discrete domains. 15, 16 These heterostructured materials composed of two or more different nanocomponents have been prepared in dumbbell, peanut, flower, and star shapes. and optical (Au) active domains have been used, respectively, for magnetic imaging and optical detection purposes. Two-component dumbbell-like nanoparticles are also very suitable for selective immobilization of two different biofunctional groups for target capturing, imaging, and drug delivery. Chen et al. 20 and Tremel et al. 21 have, respectively, reported hybrid flower-like Au@Fe 3 O 4 and Au@MnO nanoparticles which were used for simultaneous optical and MRI and therapy. In addition, gold nanostars with magnetic cores have been developed by Wei and co-workers 22 to demonstrate magnetomotive imaging by using the NIR scattering properties of the gold shell and the magnetic properties of the iron oxide cores. Thus, the limitations possessed by single-component NPs have been surpassed with development of hybrid NPs. In addition to the aforementioned uses, NPs have recently been employed in a relatively new field called nanostructure-assisted laser desorption ionization mass spectrometry (nano-LDI). In parallel with the development of mass spectral instrumentation, such as tandem MS and imaging mass spectrometry, matrixassisted laser desorption/ionization mass spectrometry (MALDI-MS) has become a well-established analytical tool for ionization and analysis of biomolecules. For instance, the prominent work was done by Deng and co-workers by using titanium dioxide decorated graphene composite (TiO 2 /graphene) for the selective enrichment of phosphor from a mixture of peptide with matrix-assisted laser desorption ionization timeof-flight mass spectrometry (MALDI-TOF-MS). 23 However, signal suppression effects, shot-to-shot reproducibility problems, and the need for careful optimization of sample preparation still limit the use of MALDI-MS. Because the ionization process in MALDI is also very complex and still poorly understood, 24, 25 progress in the development of new methods to improve ionization efficiency is slow. 25 To overcome these problems, several nanomaterials have been developed and applied as matrices for laser desorption ionization mass spectrometry (LDI). 26 Essentially, the use of nanomaterials as energy-absorbing materials dates back to the early days of LDI development, in which ultrafine cobalt nanoparticles dispersed in glycerol were used to promote ionization. 27 However, because of the difficulty of handling glycerol and the resulting contamination in MS systems, the use of nanomaterials was largely overlooked until the development of desorption ionization on porous silicon (DIOS), 27 which initiated a new area called nanomater- 37 (SWCNTs, MWCNTs, GO, and combinations), and silicon wafers. 38 Chang and co-workers used the HgTe nanostructure as a new matrix to analyze protein, proteinÀdrug complexes, and peptides as small biological molecules with the technique of surface-assisted laser desorption/ionization mass spectrometry (SALDI-MS). 39 HgTe nanostructure which was employed as a matrix provided high analyst signal and low background due to soft absorption and desorption process under the low laser power. The use of nanomaterials in MS has several additional advantages over organic matrices, including easy sample preparation, high salt tolerance, absence of self-ionization, and rapid data collection. 26 While nanomaterials themselves are very useful as a matrix for ionization, their use as a tool to detect biomolecules in complex biological environments is difficult, as their intrinsic capturing ability is quite limited. So far, only a handful of examples exist in the literature where NPs were used both as a capturing probe and at the same time as an ionization matrix in a dual "catch and detect" format. This task can only be achieved by surface functionalization of nanoparticles. In the elegant approach of the Rotello group, the surfaces of Au NPs were functionalized with cationic ligands, and these "mass barcodes" were then used to assess the cellular uptake of Au NPs by LDI-MS. 29,40À42 This method has proven to be very successful in demonstrating the intracellular stability of NPs and excellent matrix properties of Au NPs for MS. Figure S2 ).
Furthermore, by using a benzyl pydridinium chloride thermometer ion, we have compared the survival yield of five different particles with different shapes and geometries, and we have demonstrated that Au@MnO nanoflowers serve as the matrix for LDI-MS among these particles (Supporting Information, Figures S3 and S4). After selecting Au@MnO nanoflowers as a material for ionization, we analyzed a series of different small molecules to show that this particle is indeed an efficient substrate for ionization which gives little or no background ions (Supporting Information, Figures S5ÀS8 ). Au@MnO nanoflowers were tested in the negative and positive ionization mode, as well as with model compounds, to show the proper mode for reduction of salt effects, which is important in the analysis of peptides, fatty acids, as well as nucleosides and nucleotides (Supporting Information, Figures S9 and S10).
The major goal of this study is to demonstrate the synergistic effect of two domains in one nanoflower particle for ionization and to also show how aptamers can improve the selectivity of this system. We have also functionalized the surfaces of Au@MnO nanoflowers to combine the selectivity of aptamers and the matrix capabilities of Au@MnO nanoparticles and used these as a proof of concept for selective isolation of ATP from cancer cells. Apart from its biological importance, ATP was chosen as a model target molecule for several reasons. First, a very good aptamer is already available for ATP targeting. Second, ATP is an abundant metabolite for MS analysis. Third, the molecular weight of ATP falls in the m/z range where nanoparticles show high ionization efficiency.
RESULTS AND DISCUSSION
The aptamer-functionalized Au-MnO nanoflowers developed in this study can act as a targeting and sensing platform for selective metabolite extraction from cancer cell lysates followed by mass spectral analysis. The Au@MnO nanoflowers are functionalized with two different aptamers: sgc8 to target CCRF-CEM cancer cells and an anti-ATP aptamer to sense and capture ATP. Thus, in one system, these multifunctional Au@MnO nanoflowers can target cancer cells, capture metabolites, and serve as a mass spectrometry ionization substrate. The presence of two different domains, MnO and Au, simplified the surface modification and eliminated any interference between the two aptamers. Figure 1 shows that the synthesized Au@MnO nanoflowers were first made water-soluble using dopamine-PEG-COOH biopolymer. The dopamine side of the biopolymer has two hydroxyl groups that react with the MnO component of the nanoflowers through strong catechol reactions to transfer nanoflowers to an aqueous environment for bioapplications. To activate the carboxyl group of the biopolymer, EDC/NHS chemistry was applied to the dopamine-PEG-COOH biopolymerattached nanoflowers. The amine (ÀNH 2 )-group-terminated sgc8 aptamers were introduced into the activated dopamine-PEG-COOH nanoflower solution and incubated for 1 h. Secondary, thiol-modified anti-ATP aptamers were immobilized on the surface of the Au domain of nanoflowers through thiolÀgold surface conjugation. Synthesis of the heterobifunctional ligand, dopamine-PEG-COOH, was carried out with the three following steps: (1) synthesis of 3,4-dihydroxyhydrocinnamic acid pentafluorophenol ester, (2) synthesis of NH 2 -PEG-COOH, and (3) synthesis of dopamine-PEG-COOH (Supporting Information, Figure S1 ).
Au@MnO nanoflowers were characterized using TEM, HR-TEM, energy-dispersive X-ray (EDX) analysis, and UV ; vis spectrometry. Figure 2 shows the TEM (Figure 2b ). Au nanospheres exhibit a single and sharp absorption peak in the visible range between 505 and 560 nm based on size. In particular, Au nanospheres in the size range of 10À30 nm show a characteristic peak around 525 nm, which corresponds to the frequency of the surface plasmon oscillations. It is well-known that the position of the absorption peak of Au nanoparticles varies with shape, size, and surface coating, as well as the concentration of 
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other metals. Moreover, the nucleation of MnO petals on Au spheres creates an electron junction between the Au core and MnO petals and a high local dielectric effect around the Au core. Both effects lead to a remarkable red shift of wavelength to 565À580 nm and broadening of the peak (Figure 2c) . Figure 2d ,e confirms that FITC-labeled sgc8 aptamer and TMR-labeled anti-ATP aptamer were successfully bound to the surface of the MnO and Au domains of nanoflowers, respectively. Figure 2d shows that the fluorescence intensity of FITC-labeled aptamers attached to the surface of MnO petals is enhanced with increasing numbers of nanoflowers. Because of the corresponding increase in the number of FITC-labeled sgc8 aptamers, TMR-labeled anti-ATP aptamers immobilized on nanoflower Au nanoparticles also exhibit higher fluorescence intensity with increasing numbers of nanoflowers (Figure 2d ). No effective quenching was observed because the TMR-labeled ATP aptamers were not sufficiently close to the Au surface to initiate fluorescence resonance energy transfer (FRET), considering the length of the anti-ATP aptamer (29mers length with two end modifications, ∼10 nm) (Figure 2e ). The effective FRET generally takes place in less than 10 nm distance, particular distance is ∼7 nm, between fluorophore and quencher or plasmonic NPs. 66 These two fluorescence spectra show that heterobiaptameric nanoflower conjugates can be prepared without significant interference between the aptamers.
Binding and internalization studies were performed at 4 and 37°C, respectively. CCRF-CEM cells were prepared in six separate tubes and divided into two sets of three tubes each. One hundred microliters of 20, 200, and 800 ng/mL nanoflowers was added to each set. One set of tubes was incubated on ice at 4°C for 30 min for a surface binding study, and the other set was incubated in an incubator shaker at 250 rpm (Thermo Electron Corporation, Forma Orbital Shaker Refrigerate, NC, USA) at 37°C for 2 h for an internalization study. showed optimum signal shift for surface binding and internalization in the flow cytometry experiment. A significant increase in the fluorescence signal occurred between the lowest (20 ng/mL) and highest (800 ng/mL) concentration of nanoflowers used for the cell uptake study. However, the fluorescent signal at 37°C was lower than that reported at 4°C, possibly because of particle aggregation in the cell, resulting in partial quenching of FITC dye, or the weak fluorescence nature of FITC dye attached to the sgc8 aptamer.
Cell internalization was verified by confocal microscopy utilizing the TMR label on the anti-ATP aptamer. (Figure 3e ). The flow cytometry results of the surface binding and internalization using 800 ng/mL of nanoflowers are highly consistent with the confocal microscopy results.
After verification of nanoflower internalization, the next step was to test different cell lysis conditions to obtain the most efficient detection of metabolites by LDI-MS. Extraction of metabolites from cell lysates is an area of great interest, especially in the growing area of metabolomics. 67, 68 In the past 5 years, several methods have been used with different conditions to release the metabolites from the biological mixtures, 69 but success still depends on trial-and error-based optimization.
Organic solvents, such as cold acetone, methanol, and ethanol, have been generally used for metabolite extraction. In our first attempt, we used cold methanol for cell lysis. After treatment with cold methanol for 10 min, the final cell lysis mixture was brought to room temperature, and particles were centrifuged and removed from the cell lysate. After several cycles of washing, an aliquot of the particles was spotted onto the MALDI plate and analyzed. However, as shown in Figure 4a , no signal for ATP or its secondary metabolites could be observed. Lack of ATP signal could have resulted from (1) an insufficient amount of internalized particles and instability of the particles, (2) nonfunctional ATP aptamer within the cells because of cellular complexity or cleavage by endonucleases, or (3) disruption of aptamerÀtarget interaction by cell lysis with organic solvents. The first two reasons are very unlikely because aptamers can be easily internalized and can recognize their targets, even in cells.
70À72 Figure 4 . LDI-MS of CEM cell lysate after metabolite extraction: (a) with cold methanol using nanoflowers and (b) with hot water using nanoflowers.
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Although it is possible that aptamers may be cleaved by cellular nucleases, recent studies showed that nanoparticles provide a strong barrier against such unwanted enzymatic reactions. 73 A notable example is the nanoflare method developed to monitor mRNA activity. This approach relies on immobilizing an oligonucleotide and a reporter complementary strand on a gold nanoparticle surface, then reporter complementary strand fluoresces upon target binding. 74 The authors showed that endonucleases did not cleave nanoparticleimmobilized oligonucleotides. This has also been demonstrated in a similar work on "aptamer nanoflares". 75 Moreover, by careful choice of the surface chemistry, recent studies have clearly demonstrated that gold nanoparticles are highly stable in cells. The last, and most likely, reason is the use of an organic solvent during cell lysis and metabolite extraction. Compared to antibodies, aptamers are more stable molecules against changes in pH, temperature, and ionic strength, but target recognition still depends on their 3D conformations. It is therefore very plausible that the cold methanol treatment irreversibly disrupts the aptamerÀtarget interaction. Therefore, in the next set of experiments, we replaced cold methanol with boiling water for metabolite extraction and cell lysis. While aptamers can be denatured with heat, they can easily refold to their proper 3D conformation upon cooling. Moreover, previous studies have shown that boiling water is a better solvent for extracting nucleotides from cells. We repeated the same experiments using water at 65°C as the metabolite extraction solvent. However, this time we were challenged by the rapid turnover of ATP molecules to ADP and AMP. Because the anti-ATP aptamer also recognizes ADP and AMP, signals by these secondary metabolites were observed (Figure 4b ).
To overcome this problem, we have slightly modified the metabolite extraction step by incorporating ARTICLE www.acsnano.org H another step using cold NH 4 HCO 3 buffer and dipping the cells into liquid N 2 to quench the metabolism prior to metabolite extraction and cell lysis. 76 Using this method, the results in Figure 5 clearly show that ATP can be detected with no significant ATP decomposition. The respective control experiments show, to a great extent, that ATP can be captured, extracted, and detected only by the dual aptamer-modified Au@MnO nanoflowers.
CONCLUSIONS
In conclusion, our study demonstrated that flowershaped Au@MnO nanoparticles could be efficiently used as a multifunctional platform to specifically target CCRF-CEM cells and capture ATP molecules from cell lysate. ATP as stated in our work was used as a model analyte, but potentially, this method can also be utilized for other intracellular targets where high affinity aptamers are available. The nanoflowers can also serve as an efficient ionization substrate for laser desorption/ionization without an additional matrix. Therefore, single-platform nanoflower conjugates containing MnO and Au components provide an ideal allin-one system for selective functionalization with the desired biofunctional groups, as well as for use as an ionization substrate for LDI-MS.
EXPERIMENTAL SECTION
Chemicals and Materials. All chemicals were used as received without further purification. Manganese(II) acetylacetonate, [Fe(CO) 5 ] 98%, oleic acid, oleylamine, 1-octadecene 90%, hexane, toluene >99%, 1,2,3,4-tetrahydronaphthalene 99%, tert-butylamine borane 97%, and phenyl ether 99% were obtained from Sigma-Aldrich. Gold(III) acetate >99.9% was purchased from Alfa Aesar. Hexane was purchased from Fisher. For the synthesis of dopamine-PEG-COOH, succinic anhydride, N,N-dicyclohexylcarbodiimide(DCC), 3,4-dihydroxyhydrocinnamic acid, and 3-(3,4-dihydroxyphenyl)propionic acid were obtained from Alfa Aesar. O,O-Bis(2-aminopropyl)polypropylene glycol-block-polyethylene glycolblock-polypropyleneglycol-2,3,4,5,6-pentafluorophenol (PFP), 1,4-dioxane, and dithiothreitol (DTT) were purchased from Sigma-Aldrich.
Instrumentation and Characterization. One drop of Au@MnO nanoparticles dispersed in hexane was deposited on carboncoated copper grids and allowed to dry for at least 2 h. Transmission electron microscopy (TEM) on a Hitachi H-7000 transmission electron microscope with a working voltage of 100 kV was used to obtain images of the nanoflowers. A JEOL JEM-2010F field emission electron microscope coupled with spatially resolved energy-dispersive X-ray spectroscopy (EDX) was also used for magnified images and further characterization of nanoflowers. An 1800 UVÀvis spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD) was used for the absorption spectra of nanoflowers and to determine the concentrations of DNA aptamers. Fluorescence measurements were carried out on a Fluoromax-4 (Horoba Jobin-Yvon, Edison, NJ, USA), which was also used for validation of the dye-labeled aptamer nanoflower conjugates. An Olympus FV-500-IX81 confocal microscope (Olympus, Center Valley, PA, USA) having a 40Â oil-immersion objective was used to image cancer cells incubated with nanoparticles. Binding of functionalized nanoparticles to target cells was demonstrated with a FACScancytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA). All mass spectra were acquired using a MALDI-TOF/TOF mass spectrometer (ABI/SCIEX 5800, Applied Biosystems, Foster City, CA) with a Nd:YAG laser at 355 nm. The spectra were recorded in reflection mode in either positive or negative mode using an accelerating voltage of 20 kV, a 66% grid voltage, and a 50À200 ns delay extraction. Typically, 10À60 laser shots were collected per spectrum. Applied Biosystems Calibration Mixture 1 was used to calibrate the mass spectrometer. Data analysis was performed using Data Explorer software.
Cell Lines. CCRF-CEM cells (CCL-119 T-cell, human acute lymphoblastic leukemia) were obtained from ATCC (American Type Culture Collection). RPMI medium supplemented with 10% fetal bovine serum (FBS), and 100 IU/mL penicillin-streptomycin was used for cell culture (5% CO 2 , 37°C). A hemocytometer was used to determine the cell density before each experiment. Two million cells suspended in RPMI cell media were centrifuged at 970 rpm for 5 min and redispersed in 2 mL of washing buffer (Dulbecco's PBS with calcium chloride and magnesium chloride supplemented with 4.5 g/L glucose and 5 mM MgCl 2 ) for incubation.
Synthesis of Aptamers. An ABI3400 DNA/RNA synthesizer (Applied Biosystems, Foster City, CA) was used for the synthesis of the aptamers at the 1 μmol scale: TAMRA-modified aptamer sequences were deprotected in 0.05 M potassium carbonate in methanol at 65°C for 3À4 h, and all other sequences were deprotected in AMA (ammonium hydroxide/40% aqueous methylamine 1:1) at 65°C for 30 min. Deprotected sequences were purified by reversed-phase HPLC (ProStar-Varian, Walnut Creek, CA) with a C18 column (Econosil, 5 μm, 250À4.6 mm) from Alltech (Deerfield, IL) using the mixture of 100 mM triethylamine acetic acid buffer (TEAA, pH 7.5) and acetonitrile (0À30 min, 10À100%) as the mobile phase. After HPLC purification, the purified DNA solution was dried in acid-resistant centriVap centrifugal vacuum concentrators (Labconco, Kansas City, MO). The dried DNA was dissolved in 50 μL of DNA grade water, and the concentration of each sequence was determined based on the absorbance value at 260 nm using a UV-1800 UVÀvis spectrophotometer (Shimadzu Scientific Instruments, Columbia, MD).
Synthesis of Au@MnO Nanoflowers. Au@MnO nanoparticles were synthesized using a modified method 21 with standard Schlenk line techniques. A solution containing diphenyl ether (10 mL), oleic acid (1 mL, 3 mmol), and oleylamine (2 mL, 4 mmol) was degassed at room temperature for 45 min and backfilled with argon at least three times to remove any trace of air and moisture. The degassed solution containing diphenyl ether (10 mL), oleic acid (1 mL, 3 mmol), and oleylamine (2 mL, 4 mmol) was injected into a 100 mL three-necked flask containing 1 mM of manganese(II) acetylacetonate and 0.05 mM of gold(III) acetate (20:1 Mn(acac) 2 /Au(OOCCH 3 ) 3 ) placed in a glovebox. The resulting mixture was rapidly heated to 265°C with vigorous stirring. After refluxing for 60 min, the mixture was allowed to cool to room temperature under argon flow. Ethanol was added to the mixture to precipitate a dark-purple product, which was collected by centrifuging at 10 000 rpm for 15 min. The precipitated product was redispersed in toluene or hexane and reprecipitated by addition of ethanol. This purification process was repeated three times. Finally, the product was dissolved in toluene or hexane, flushed with argon, and stored at 4°C for further use.
Transfer of Au@MnO Nanoflowers into Aqueous Phase. Aqueous phase transfer of Au@MnO nanoflowers from toluene or hexane to ultrapure water or PBS buffer was achieved using heterobifunctional ligand (see Suppoting Information Scheme S1 for structure and synthesis). 77 The hydroxyl (OH) groups on the dopamine side of the PEG ligand preferentially bind the surface of the MnO domain of nanoflowers, and the carboxyl group on the other side contributes water solubility and is free to react with aptamers in the presence of 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide), EDC, and N-hydroxysulfosuccinimide (Sulfo-NHS).
A 10 mg sample of Au@MnO nanoflowers was dissolved in 5 mL of anhydrous terahydrofuran (THF) and flushed with argon ARTICLE www.acsnano.org I for 15 min. After degassing, the solution was transferred to a dropping funnel. Heterobifunctional dopamine-terminated PEG (150 mg) was dissolved in 20 mL of anhydrous THF in a 100 mL three-necked flask. The nanoflower solution was added dropwise to the PEG ligand solution. The resultant mixture was stirred under argon for 15 min and kept under an argon blanket at 50°C overnight. The nanoflowerÀPEG conjugates were precipitated via addition of ∼3 mL of hexane and collected by centrifugation at 10 000 rpm for 20 min. The supernatant was discarded, and the product, a nanoflowerÀPEG conjugate at the bottom of the centrifuge tube, was washed with ethanol and centrifuged twice to remove excess unreacted PEG ligands. Finally, the nanoflower precipitate was dispersed in 2 mL of ultrapure water or PBS buffer for aptamer conjugation.
Functionalization of Au@MnO Nanoflowers. Conventional protein labeling chemistry was utilized to attach two different aptamers, sgc8 and anti-ATP, to the surfaces of two different nanoflower domains, MnO and Au. A 30 μL aliquot of 0.1 M 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) was added to 150 μg/mL nanoflowers in 10 mM phosphate buffered saline (PBS) to activate the carboxyl group on the PEG ligand for 20 min. After gently shaking for 20 min, 13.1 μL of 228 μM sgc8 aptamer and 30 μL of 0.12 M N-hydroxysuccinimide (NHS) in 10 mM PBS buffer were added and incubated for 1 h, while gently shaking to functionalize the MnO domain of nanoflowers. After 1 h incubation, 7.45 μL of 300 μM anti-ATP aptamer and 77 μL of 10 mM PBS buffer were added, and the mixture was placed on a shaker for incubation overnight at room temperature to functionalize the Au domain. Before immobilization of the anti-ATP aptamer, the thiol modified on the 5 0 -end was deprotected by dithiothreitol (DTT). One millimolar 5 0 -thiol-modified anti-ATP aptamer in 1 mL of 10 mM PBS buffer (pH 8.3) was incubated with 1 M DTT for 30 min at room temperature to deprotect the thiol functionality. Excess DTT was removed by washing five times with 0.5 mL of ethylacetate. After immobilization of aptamers onto nanoflowers, the resultant mixture was washed three times with 10 mM PBS buffer and finally redispersed in 300 μL of 10 mM PBS buffer.
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